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Abstract
The kinetics of conversion to SV40 seropositivity of cynomolgous macaques were followed as part of the health monitoring of a breeding
colony to examine possible routes of transmission. The data suggest that transmission is neither vertical nor perinatal, and that conditions
of husbandry might reduce the frequency of spread between animals.
© 2003 Elsevier Inc. All rights reserved.
Introduction
The simian polyoma virus SV40 was discovered in 1960
(Sweet and Hilleman, 1960) and is a common infection of
rhesus macacque monkeys, in which it is generally believed
to produce a silent but life-long infection. In a study of
human sera for the presence of antibodies to SV40 we used
sera from two breeding colonies of cynomolgus macaques
as controls (Minor et al., 2003). One colony was free of
infection, while in the other virtually all animals had high
levels of neutralising antibodies. The colonies were already
being monitored for other viral agents including simian D
type retrovirus and it was of interest to examine them in
more detail with respect to SV40, which is a highly infec-
tious agent in certain monkey colonies. Such a study would
provide a check on the husbandry of the animals, since it is
also clearly possible to maintain a colony free of infection.
It would also provide potentially useful information on the
normal routes of transmission of the virus in a natural host.
Similar to other polyoma viruses, SV40 is oncogenic in
certain species and has been shown to cause a range of tumours
in hamsters when given by peripheral routes (Cicala et al.,
1993). In the 1950s inactivated polio vaccine was manufac-
tured on cell cultures derived from rhesus macaques, and as
SV40 is more resistant to the production processes involved
than poliovirus, it is estimated that several million people
received an inoculation of live SV40 (Shah and Nathanson,
1973). While there seems to be little epidemiological evidence
that this has resulted in human tumours (Strickler et al., 1998),
SV40 sequences have been reported in a number of different
types of human cancer over the last 10 years (Bergsagel et al.,
1992; Carbone et al., 1994, 1996; Lednicky et al., 1995; Pepper
et al., 1996; De Rienzo et al., 2002; Wong et al., 2002). Some
of the tumours occur in children too young to have been
exposed to the virus through vaccination, and the possibility
exists that SV40 is an established infection of humans. Sero-
logical studies do not support the view of ready transmission,
giving a low level of positivity compared to JC and BK, the
known polyoma viruses of humans, and a very low titre com-
pared to that in the normal simian host. However the positivity
observed has not been satisfactorily explained and could be
due to infection with SV40 or the occurrence of cross-reacting
antibodies resulting from infection with the human polyoma
viruses. Assuming that human-to-human transmission of SV40
occurs at all, transmission in macaques might offer clues as to
possible routes. In particular it is of interest to investigate the
possibility of vertical transmission from mother to baby in light
of the young age of some of the human cases.
The work reported here involved the testing of serum sam-
ples taken from animals at intervals after weaning, taking into
account the strategy of breeding followed. Where possible,
attempts were made to isolate virus from seropositive animals
to attempt to identify and track the transmission of any variant
strains in the colony. The data are consistent with the view that
a seropositive cynomolgous macaque does not maintain a high
level of replicating SV40 after infection, and that transmission
is not by a vertical route nor in general perinatal. There is
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evidence that appropriate husbandry practices may reduce or
eliminate infections in colonies.
Results
Strategy of breeding
The breeding colonies consist initially of approximately
24 females and 2 males per group. The group is maintained
as such and carries a unique identifier (such as C25 or G16).
Once established, a colony is not added to and diminishes in
size through natural wastage. Occasionally a colony may
become so small that it becomes unviable and is then inte-
grated into another colony.
Colony founder animals are identified by number alone,
while those born in the colony are identified by a sequential
letter added to their mother’s number. For example animal
304 would be a founder (female) individual, 304A would be
the first offspring and 304B the second, etc. 304AA would
be the offspring of animal 304A whose second offspring
would be 304AB, etc.
When the babies are at least 6 months old and have
attained a weight greater than 1 kg, they are weaned and put
together in a single gang away from the breeding colony.
The gang is normally maintained as a unit in one of six
weaner pens. The residential history of the three cohorts to
be discussed below is not known.
Cohort 1
Cohort 1 consisted of 12 animals ganged on 11 January
1999 at ages ranging from 6 to 10 months (Table 1) with a
mean age of 8 months. Eight originating breeding colonies
were involved as shown and all of the mothers were seropos-
itive for SV40 to titres of 4096 or greater except for the
mothers of animal 085EE (titre 256), animal 868F (titre 8), and
animal 930F (titre 512). There was no link between externally
acquired animals and their serological status; for example, the
mothers of animals 868F, 902F, and 930F were all imported
but covered the entire range of titres observed.
Only one animal was seropositive 8 days after the gang
was formed and this individual had died by the time of the
second bleed at day 43. Three animals were seronegative at
day 43 (141HA, 651FC, 868F); four had an intermediate
titre (085EE, 109HH, 902F, and 930F), and four had a titre
of 4096 or greater. By day 88 after the gang was formed, all
surviving animals had high titres of antibody which were
maintained thereafter.
It was possible that animals from the same breeding colony
showed similarities in seroconversion. For example the two
animals from colony C25 were highly seropositive from the
time of the second sample, and from animals C48 were less
strongly positive at the second sample but strongly positive by
the third. Animals from colonies G16 and C46 showed poorer
concordance; one of the animals from C46 died after strong
seroconversion by the time of the second bleed, while the other
seroconverted later and colony G16 gave one animal weakly
positive by the second sample and the other strongly positive
by the third. The geometric mean antibody titres are shown in
Table 2 with the percentage of seropositive animals where an
animal with any detectable antibody is counted positive. The
Table 1
SV40 neutralisation end point titres in sera of cohort 1 animals after ganging
Animal Age at
weaning
Colony 8 days 43 days 88 days Final Titre of mother 43 days
after infant ganging
350BCE 8 C25 8 4096 8192 2048 4096
398BBD 9 C25 8 4096 8192 4096 4096
039C1 10 C32 8 4096 4096 4096 4096
577CH 9 C33 8192 Died 4096
085EE 10 C37 8 32 2048 nk 256
651FC 6 C42 8 8 2048 4096 4096
845H 7 C46 8 4096 Died 4096
868F 7 C46 8 8 2048 nk 8
902F 8 C48 8 512 8192 nk 4096
930F 7 C48 8 64 1024 4096 512
109HH 7 G16 8 128 2048 1024 4096
141HA 9 G16 8 8 8192 2048 4096
Note. nk  not known.
Table 2
Log2 GMT and % seropositive in three cohorts of animals after ganging
Cohort Days gmt % Positive
1 8 1.08 8
1 43 6.8 73
1 88 11.8 100
1 300 11.4 100
2 27 2.7 33
2 55 7.2 87
2 90 8.9 87
2 300 10.9 100
3 7 2 19
3 42 3.2 27
3 78 3.7 33
3 300 4.3 36
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same data are shown graphically in Fig. 1, from which the
mean time of seroconversion was estimated at about 35 days
after the gang formed. Maximum geometric mean titres were
reached by 88 days.
The two animals which died were killed by their fellow
gang members. It thus seems possible either that the infec-
tion influenced survival, or that the individuals were in some
way weakly reflected in their early infection and low status
in the group.
Cohort 2
Cohort 2 consisted of 15 animals ganged on 19 May
1999 at ages ranging from 6 to 10 months and a mean age
of 8 months (Table 3). Nine breeding colonies were in-
volved and the mothers were all strongly seropositive ex-
cept for 768BC (colony C54) with a titre of 64, and 889
(colony C47) were strongly seropositive with a titre of 512.
The first sample was obtained 27 days after the gang
formed, somewhat later than for cohort 1, and five animals
ranging in age from 6 to 10 months, possessed detectable
antibody, namely 548FE from colony C25, 215AAG from
colony C33, 891F from colony C48, and 115GG and
677AAA both from colony C57. Two animals, 586BE and
558BF, did not seroconvert until the last bleeds. They were
from different colonies, C37 and C43, respectively.
There was greater discordance between the seroconver-
sion of animals from the same colony than for Cohort 1.
One of two animals from C25 was strongly positive at the
time of the first bleed, while the other seroconverted weakly
and late; one of three animals from colony C43 failed to
seroconvert before the final bleed, while the others con-
verted early and to high titre and one animal from colony
C57 converted weakly while the other two were strongly
positive at the time of the first bleed.
The geometric mean titre and percentage of seropositive
animals are shown in Table 2 and graphically in Fig. 1. The
time to seroconversion after gang formation was virtually
identical with that for cohort 1, as was the rise in geometric
mean titre.
Fig. 1. (A) Percentage seropositivity to SV40 of Cohorts after ganging. Cohort 1, filled circle; cohort 2, filled squares; cohort 3, filled triangles. (B) Log 2
gmt to SV40 of cohorts after ganging. Cohort 1, filled circles; cohort 2, filled squares; cohort 3, filled triangles.
Table 3
SV40 neutralisation end point titres in sera of cohort 2 animals after ganging
Animal Age at
weaning
Colony 27 days 55 days 90 days 256 days Titre of mother 27 days
after infant ganging
100CDE 9 C25 8 16 8 8192 8192
548FE 6 C25 1024 2048 4096 nk 4096
138HA 7 C32 8 64 512 512 1024
215AAG 7 C33 8 256 2048 2048 8192
586BE 9 C37 8 8 8 1024 8192
558FF 6 C43 8 8 8 8192 8192
632FF 9 C43 8 512 512 nk 8192
802FF 6 C43 8 512 2048 512 8192
889H 8 C47 8 256 4096 2048 512
891F 9 C48 64 256 4096 nk 2048
523FE 9 C54 8 32 1024 nk 8192
768BCD 8 C54 8 512 4096 Died 64
115GG 9 C57 1024 4096 4096 nk 16,384
176ABG 8 C57 8 64 512 2048 1024
677AAA 10 C57 4096 8192 8192 nk 16,384
Note. nk  not known.
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Cohort 3
Cohort 3 consisted of 16 animals from eight colonies
formed into a gang on 2 May 2000. All the mothers were
strongly seropositive. The animals were older, five being
over 10 months of age; the age range was 6–18 months with
a mean of 9.6 months (Table 4). At the time of the first
bleed, 7 days after the gang was formed, three animals were
seropositive, namely 602BA, 548 BJ, and 030KE. Their
ages were 12, 18, and 11 months, respectively. Two other
animals converted over the study period, namely 357CCE
by day 42 and 817CD by day 78. Despite the fact that this
implied ongoing infection in the gang, no other animals
were seropositive at any time in contrast with the findings
with cohorts 1 and 2. There was no obvious relationship
between the originating colony, where all animals were
seropositive, and the animals which seroconverted.
The geometric mean titres of the animals and percentage
of seropositive animals are shown in Table 2 and graphi-
cally in Fig. 1.
Virus isolation
Cultures of kidney tissue were set up from 19 seroposi-
tive animals and maintained for a number of subcultivation
passages. One culture established from animal 586BE from
cohort 2 showed a cytopathic effect and an SV40 strain
identified as W17 (Minor et al., 2001) was isolated and
sequenced through a region of the genome encoding the
N-terminus of the large T antigen. The sequence is shown in
Fig. 2 and was distinct from all other isolates present in the
laboratory at the time. Isolate W17 differs from the 776,
Cos, and NIBSC strains in a number of deletions and sub-
stitutions. However it is identical with the lodged sequences
of strain 777 (af332562, af332699). As 777 was not present
in the laboratory at the time, it is assumed that W17 is a
genuine isolate, not a contaminant.
No other culture yielded virus, although all were from
animals which had evidence of infection in the form of
serum antibodies. PCR studies on supernatants and cell
culture after freeze thawing using methods previously de-
scribed (Sangar et al., 1999) showed no SV40 sequences in
the negative cultures (data not shown). Primary kidney
cultures from cynomolgous macaques from this colony
were shown to give a cytopathic effect when infected with
known SV40 strains, including W17 (data not shown).
Discussion
The colony of cynomolgous macaques which is the sub-
ject of this study has a high level of seropositive animals,
most with a high titre to SV40 in neutralisation assays. The
infection is self-sustaining in the colony. Routine health
monitoring provided the opportunity to follow the time
course of seroconversion in the expectation that this would
lead to better understanding of the natural mode of trans-
mission of the virus. In particular it was hoped to isolate and
sequence viruses from the various animals to establish
whether the infection of newly weaned infants arose from
the birth colony, the mother, or the gang in which the
animals were ultimately kept. The isolation of virus from
only 1 of 19 animals made this aspect of the study uninfor-
mative, but it was possible to follow the seroconversion of
the animals in three separate cohorts.
Where serum samples were available, from about 1 week
after the offspring were formed into gangs, most were neg-
ative. In cohorts 1 and 2 this was followed by complete
seroconversion with very similar kinetics, with about half
the animals positive by 35 days. In cohort 3 only 36% of the
Table 4
SV40 neutralisation end point titres in sera of cohort 3 animals after ganging
Animal Age at weaning Colony 7 days 42 days 78 days 300 days Titre of mother 42 days
after infant ganging
812DA 9 C31 8 8 8 8 8192
602BA 12 C32 8192 8192 4096 8192 8192
816BB 8 C32 8 8 8 8 2048
237DL 9 C42 8 8 8 8 8192
548BJ 18 C42 128 512 128 512 4096
558GC 8 C51 8 8 8 8 4096
817CD 11 C51 8 8 4096 8192 1624
523FF 11 C54 8 8 8 8 8192
028HC 8 C55 8 8 8 nk 1024
176AFD 8 C55 8 8 8 8 4096
357CCE 8 C55 8 8192 8192 8192 8192
417HC 8 C55 8 Died — — 8192
894BC 6 C55 8 8 8 8 8192
030KE 11 C60 2048 8192 4096 8192 8192
040LF 10 C63 8 8 8 8 8192
631BDE 9 C63 8 8 8 8 2048
Note. nk  not known.
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animals were ultimately seropositive and only two con-
verted after ganging. Nonetheless the kinetics of serocon-
version were consistent with those of cohorts 1 and 2.
Infection might be from the mother by vertical or peri-
natal transmission or from the birth or gang environment,
either the housing or the other animals in the gang. The late
seroconversion of the animals would be consistent with
environmental infection following ganging postweaning, ei-
Fig. 2. Sequence comparison of Large T antigen region between different SV40 strains compared to 776. (Genembl database J020400) and 777 (af332562,
af332699). COS  from Cos cell line; NIBSC  Reference strain used at NIBSC; W17  isolate from maquaques. Highlighted changes indicate deleted
base.
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ther from the housing or from the companion animals.
Alternatively, earlier infection in the birth colony might be
suppressed by antibodies in the mother’s milk. It was nota-
ble that the animals positive at the time of ganging tended to
be older, particularly in cohort 3, and therefore less likely to
be feeding from the mother. The source of infection could
be either the birth group or the mother. Whether exposure to
the virus was before ganging, but was suppressed, or after
ganging, the latency period is estimated from the kinetics of
seroconversion to be 35 days, assuming that infection de-
veloped immediately on forming the group.
Vertical or perinatal transmission from the mother seems
unlikely on the grounds that not all animals seroconverted,
particularly in cohort 3, although there was no obvious
difference in the strongly positive serological status of the
mothers. For example in cohort 3 animal 357CCE serocon-
verted, while animal 176AFD from the same birth colony
did not. The mothers had titres of greater than 8192 and
4096, respectively. Cohorts 2 and 3 are also of interest.
Several animals could be shown to seroconvert after gang-
ing and were therefore presumably undergoing an infection,
but others in the gang remained negative and therefore
uninfected. Thus an ongoing infection in the gang did not
necessarily spread to other animals. This is consistent with
the view that the virus does not spread easily under certain
undefined conditions; one possibility is that the husbandry
of the colonies rather than direct animal-to-animal spread
plays the biggest part. This hypothesis would explain the
differences seen between the cohorts, particularly cohorts 1
and 2 and cohort 3.
Based on the data described here it seems most likely
that transmission occurs after weaning from the environ-
ment rather than directly from other animals. The surprising
failure to isolate virus from most animals prevents a firmer
conclusion from being drawn, but the mean latent period
between the initiation of infection and seroconversion
seems to be about 35 days. It is possible that where a higher
rate of virus excretion occurs, for instance, in a different
species such as rhesus, other routes of infection are possible.
In humans the frequency and titre of antibodies are both low
compared to those seen in macaques (Minor et al., 2003). It
may not be valid to extrapolate from animal to human
models. However, in view of the low rate of transmission in
the macaques, which implies a low rate of excretion of
virus, it seems unlikely that transmission in humans in-
volves vertical or perinatal routes if it occurs at all.
Materials and methods
Collection of serum samples
As part of the general health check program, a 2-ml
blood sample was removed from the femoral vein at the
intervals shown in the text. This was transferred into a
suitable container without anticoagulant. The serum was
removed from the clotted sample and held at 56°C for 30
min, to reduce or remove any toxic effect to the BSC-1
cells. The serum was then stored at 20°C until use.
Virus neutralisation assay
The cell-line BSC-1 was grown in MEM supplemented
with 10% foetal bovine serum (FBS) buffered with 15 mM
HEPES and 0.088% sodium bicarbonate. A test format
based on microtitre infectivity assays was used. The SV40
virus used was an unnamed NIBSC laboratory strain from
the 1960s (sequence B, Sangar et al., 1999), and the virus
dose was first established by titration as follows: virus was
diluted in growth medium (MEM  antibotics  10% FBS
 1.5% 1 M HEPES  2% sodium bicarbonate) in half-log
steps from 101.0 to 106.5 and 50 l was transferred to the
wells of a Falcon Microtest 96-well plate. Two hundred
microliters of BSC-1 cell suspension containing 2.5  105
cells/ml was added to each well. The plate was incubated at
35°C and read at 10 days for microscopic evidence of
cytopathic effect (CPE).
Antibody screening was carried out as follows: 70 l of
growth medium was placed in each well of a Falcon 3072
microtitre plate according to the number of sera to be tested.
Ten microliters of heat-inactivated serum was added, making a
1-in-8 dilution used for screening purposes, and 25l was then
transferred to each of two further plates. Twenty-five microli-
ters of medium was added to each well of one plate as a serum
control and 25 l of SV40 virus at a concentration of 100
TCID50/ml was added to the duplicate plate. Both plates were
sealed and incubated at 35°C for 1 h. BSC-1 cells were
trypsinised and a cell suspension containing 1.5 105 cells/ml
was prepared. Two hundred microliters of this cell suspension
was added to each well. The plate was sealed and incubated at
35°C for 10 days after which the cultures were read micro-
scopically for typical SV40 CPE. Those sera found to be
positive at a 1-in-8 dilution were subsequently titrated. A
hyperimmune rabbit antiserum (kindly provided by Professor
J. Butel) was titrated as a control in each assay. The titre of this
antiserum in the present assay was 1 in 40,000, comparable to
that found by Professor Butel, thus confirming the sensitivity
of the assay used in this study.
Virus isolation
Primary kidney cell cultures were set up by established
procedures from post-mortem samples of tissue. They were
maintained in MEM supplemented with 5% FBS and 2%
bicarbonate buffer for 28 days with subculture at 14 days.
This culture was in turn subcultured at 14 days and main-
tained for 28 days. Cultures were examined for cytopathic
effect and have been stored in liquid nitrogen for further
investigation in the future. In addition tissue culture super-
natants and cultures after one freeze thaw cycle were ex-
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amined for SV40 sequences by PCR using the method
described previously (Sangar et al., 1999).
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